The masses of the low lying baryons are evaluated using two degenerate flavors of twisted mass sea quarks corresponding to pseudo scalar masses in the range of about 270 MeV to 500 MeV. The strange valence quark mass is tuned to reproduce the mass of the kaon in the physical limit. The tree-level Symanzik improved gauge action is employed. We use lattices of spatial size 2.1 fm and 2.7 fm at two values of the lattice spacing with r0/a = 5.22(2) and r0/a = 6.61(3). We check for both finite volume and cut-off effects on the baryon masses. We performed a detailed study of the chiral extrapolation of the octet and decuplet masses using SU(2) χPT. The lattice spacings determined using the nucleon mass at the physical point are consistent with the values extracted using the pion decay constant. We examine the issue of isospin symmetry breaking for the octet and decuplet baryons and its dependence on the lattice spacing. We show that in the continuum limit isospin breaking is consistent with zero, as expected. The baryon masses that we find after taking the continuum limit and extrapolating to the physical limit are in good agreement with experiment.
I. INTRODUCTION
In the last couple of years an intense and successful effort in extending unquenched lattice calculations towards realistic values of quark masses, small lattice spacings and large volumes has been undertaken using a variety of algorithmic techniques and lattice actions. A review of the salient features of the various discretization schemes currently employed can be found in Ref [1] . Of particular relevance to the current work are the calculations of the low-lying baryon spectrum using two degenerate flavors (N f = 2) of light dynamical quarks. Such studies have been carried out by the MILC collaboration [2, 3] using Kogut-Susskind fermions and by the European Twisted Mass Collaboration (ETMC) [4] for the nucleon (N ) and ∆ baryons using twisted mass fermions. There are also baryon mass calculations using two degenerate flavors of light quarks and a strange quark with the mass tuned to its physical value (N f = 2 + 1) mainly using clover improved Wilson fermions with different levels of smearing, such as the calculation of the nucleon mass by the QCDSF-UKQCD collaboration [5] , and the evaluation of the octet and decuplet spectrum by the PACS-CS [6] and BMW [7] collaborations. The LHP Collaboration computed the octet and decuplet spectrum using a hybrid action with domain wall valence fermions on asqtad improved staggered sea quarks [8] . Preliminary results on the nucleon mass are also computed using N f = 2 + 1 domain wall fermions by the RBC-UKQCD collaboration [9, 10] .
In this work we study the low-lying spectrum of the baryon octet and decuplet with twisted mass fermions at maximal twist. The light quarks are dynamical degrees of freedom while in the strange sector we use an OsterwalderSeiler valence quark, following the approach employed in the study of the pseudo scalar meson decay constants [11, 12] . The bare strange valence quark mass is taken to be the same as the one determined in the meson studies tuned by requiring that the mass of the kaon at the physical point matches its physical value. Using the ETMC N f = 2 configurations [13, 14] we calculate the baryon spectrum for pion masses in the range of 270 MeV to 500 MeV and at two values of the lattice spacing corresponding to β = 3.9 and β = 4.05 with r 0 /a = 5.22 (2) and r 0 /a = 6.61 (3) , respectively, where r 0 is determined from the force between two static quarks. Results are also obtained at a third β-value, namely β = 3.8, which corresponds to r 0 /a = 4.46 (3) . The latter results are not taken into account in the final analysis due to large autocorrelation effects observed in the Monte Carlo history for quantities like the PCAC mass and the plaquette at small sea quark masses. Data at β = 3.8 are only used as a consistency check of the continuum extrapolation. For the nucleon mass we also performed the calculation at an even finer value of the lattice spacing corresponding to r 0 /a = 8.31 (5) and β = 4.2 to ensure that indeed the continuum extrapolation using a weighted average with results at β = 3.9 and β = 4.05 is valid. We find that the baryon masses considered here show a very weak dependence on the lattice spacing and are fully compatible with an O(a 2 ) behaviour with an almost vanishing coefficient of the a 2 term. This justifies neglecting the O(a 2 ) term in extrapolating results to the continuum limit.
For a fixed value of the lattice spacing we have used up to five different light quark masses and two different volumes. The corresponding m π L values are in the range 3.3 to 7.4, where L is the spatial extent of the lattice. Using these various values of the lattice spacing, quark masses and volumes allows us to estimate the volume corrections and perform a continuum and chiral extrapolation. The good precision of our results on the baryon masses allows us to perform a study of chiral extrapolations to the physical point. This study shows that one of our main uncertainties in predicting the mass at the physical point is caused by the chiral extrapolations. Another source of systematic error is the partially quenched approximation that we have used.
An important issue is the restoration of the explicitly broken isospin symmetry in the continuum limit. At finite lattice spacing, baryon masses display O(a 2 ) isospin breaking effects. There are, however, theoretical arguments [15] and numerical evidences [1, 16] that these isospin breaking effects are particularly pronounced for the neutral pseudo scalar mass whereas for other quantities studied so far by ETMC they are compatible with zero. In this paper we will demonstrate that also in the baryon sector these isospin breaking effects are in general small or even compatible with zero. For a preliminary account of these results see Ref. [17] .
The paper is organized as follows: The details of our lattice setup, namely those concerning the twisted mass action, the parameters of the simulations and the interpolating fields used, are given in Section II. Section III contains the numerical results of the baryon masses computed for different lattice volumes, lattice spacings and bare quark masses as well as the Gell-Mann Okubo relations that are supposed to be fulfilled in the exact SU(3) limit. Lattice artifacts, including finite volume and discretization errors are discussed in Section IV, with special emphasis on the O(a 2 ) isospin breaking effects inherent in the twisted mass formulation of lattice QCD. The chiral extrapolations are analyzed in Section V. Section VI contains a comparison with other existing calculations and conclusions are finally drawn in Section VII.
II. LATTICE SETUP

A. The lattice action
For the gauge fields we use the tree-level Symanzik improved gauge action [18] , which includes besides the plaquette term U 1×1 x,µ,ν also rectangular (1 × 2) Wilson loops U 1×2 x,µ,ν
with b 1 = −1/12 and the (proper) normalization condition b 0 = 1 − 8b 1 . Note that at b 1 = 0 this action reduces to the usual Wilson plaquette gauge action. The fermionic action for two degenerate flavors of quarks in twisted mass QCD is given by
with τ 3 the Pauli matrix acting in the isospin space, µ the bare twisted mass and D W the massless Wilson-Dirac operator given by
where
Maximally twisted Wilson quarks are obtained by setting the untwisted quark mass m 0 to its critical value m cr , while the twisted quark mass parameter µ is kept non-vanishing in order to be away from the chiral limit. In Eq. (2) the quark fields χ are in the so-called "twisted basis". The "physical basis" is obtained for maximal twist by the simple transformation
In terms of the physical fields the action is given by
In this paper, unless otherwise stated, the quark fields will be understood as "physical fields", ψ, in particular when we define the baryonic interpolating fields. A crucial advantage of the twisted mass formulation is the fact that, by tuning the bare untwisted quark mass m 0 to its critical value m cr , physical observables are automatically O(a) improved. In practice, we implement maximal twist of Wilson quarks by tuning to zero the bare untwisted current quark mass, commonly called PCAC mass, m PCAC , which is proportional to m 0 − m cr up to O(a) corrections. As detailed in Ref. [19] , m PCAC is conveniently evaluated through 2 χ is the pseudo scalar density in the twisted basis. The large t/a limit is required in order to isolate the contribution of the lowest-lying charged pseudo scalar meson state in the correlators of Eq. (7). This way of determining m PCAC is equivalent to imposing on the lattice the validity of the axial Ward identity between the vacuum and the charged one-pion zero three-momentum state:
The value of m cr is determined at each β value at the lowest twisted mass used in our simulations, a procedure that preserves O(a) improvement and keeps O(a 2 ) small [14, 20] . The twisted mass fermionic action breaks parity and isospin at non-vanishing lattice spacing, as it is apparent from the form of the Wilson term in Eq. (6) . In particular, the isospin breaking in physical observables is a cut-off effect of O(a 2 ) [21] . To simulate the strange quark in the valence sector several choices are possible. We consider a quenched Osterwalder-Seiler fermion [22] with the following action in the twisted basis:
This is naturally realized in the twisted mass approach by introducing an additional doublet of strange quark and keeping only the positive diagonal component of τ 3 . The m 0 value is taken to be equal to the critical mass determined in the light sector, thus guaranteeing the O(a) improvement in any observable. The reader interested in the advantage of this mixed action in the mesonic sector is referred to the Refs [11, 12, 23, 24, 25] .
B. Simulation details
The input parameters of the calculation, namely β, L/a and aµ are summarized in Table I . The corresponding lattice spacing a and the pion mass values, spanning a mass range from 270 MeV to 500 MeV, are taken from Ref. [26] . At m π ≈ 300 MeV we have simulations for lattices of spatial size L = 2.1 fm and L = 2.7 fm at β = 3.9 allowing to investigate finite volume effects. Finite lattice spacing effects are investigated using two sets of results at β = 3.9 and β = 4.05. The set at β = 3.8 is used only as a cross-check and to estimate cut-off errors. These sets of gauge ensembles allow us to estimate all the systematic errors in order to have reliable predictions for the baryon spectrum. In a previous paper from the ETM collaboration [11] , pseudo scalar meson masses have been computed for different values of the sea and valence quark masses for the β = 3.9 gauge configurations. Using the experimental value of the mass ratio of the kaon to the pion, m K /m π , the bare strange quark mass can be set. We use the value of aµ s = 0.0217 (22) at β = 3.9 taken from Table 2 of Ref. [11] . In a more recent study of the pseudo scalar decay constant of kaons and D-mesons [12] , the computation was extended to β = 3.8 and β = 4.05. However, this is still a preliminary analysis and an ongoing analysis for the accurate extraction of quark masses is still in progress. One can obtain an estimate of the bare strange quark mass at a given value of β by taking the results at β = 3.9 as a reference and using the scaling relation [27] :
aµ s (β = 3.9) .
The values we use for β = 3.8 and β = 4.05 given in Table II 
D. Interpolating fields
The low lying baryons belonging to the octet and decuplet representations of SU (3) are given in Figs. 1 and 2 respectively. They are classified by giving the isospin, I, the third component of the isospin, I 3 , the strangeness (s), spin and parity. In order to extract their masses in lattice QCD we evaluate two point correlators. We use interpolating fields to create these states from the vacuum that have the correct quantum numbers and reduce to the quark model wave functions in the non-relativistic limit. The interpolating fields used in this work are collected in Tables III [30, 31] and IV [30, 32] for the octet and decuplet respectively. Local interpolating fields are not optimal for suppressing excited state contributions. We instead apply Gaussian smearing to each quark field, q(x, t): q smear (x, t) = y F (x, y; U (t))q(y, t) using the gauge invariant smearing function
constructed from the hopping matrix,
Furthermore we apply APE smearing to the spatial links that enter the hopping matrix. The parameters of the Gaussian and APE smearing are the same as those used in our previous work devoted to the nucleon and ∆ masses [4] .
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E. Two-point correlators
To extract masses in the rest frame we consider two-point correlators defined by
Space-time reflection symmetries of the action and the anti-periodic boundary conditions in the temporal direction for the quark fields imply, for zero three-momentum correlators, that C + X (t) = −C − X (T − t). So, In order to decrease errors we average correlators in the forward and backward direction and define:
In order to decrease correlation between measurements, we choose the source location randomly on the whole lattice for each configuration. Masses are extracted from the so called effective mass which is defined by
where ∆ i = m i − m X is the mass difference of the excited state i with respect to the ground state mass m X . In Figs. 3 and 4 we show the effective masses of the baryons in the octet and decuplet representation respectively. As can be seen a plateau region can be identified for all baryons. What is shown in these figures are effective masses extracted from correlators where smearing is applied both at the sink and source. Although local correlators are expected to have the same value in the large time limit, smearing suppresses excited state contributions yielding a plateau at earlier time separations and a better accuracy in the mass extraction. Our fitting procedure to extract m X is as follows: The mass is obtained from the leading term in Eq. (15), i.e.from a constant fit to m X . A second fit, including the first excited state, allows us to estimate the systematical error of the previously determined m X due to excited states for a given plateau range. The plateau range is then chosen such that the systematical error on m X drops below 50% of its statistical error This criterion is in most of the cases in agreement with a χ 2 /d.o.f. < 1. In the cases in which this criterion is not satisfied a careful examination of the effective mass is made to ensure that the fit range is in the plateau region. The results for the masses of the octet and decuplet at β = 3.9 are are collected in Tables V and VI respectively. The corresponding results for the masses at β = 4.05 are given in Table VII and VIII. The errors are evaluated using both jackknife and the Γ-method [33] to ensure consistency. 
III. RESULTS
The bulk of the numerical results are presented in this section. Baryon masses are given in lattice units. Our procedure to convert the results to physical units will be discussed in the next section.
A. Baryon masses
In Tables V to VIII we present the masses of the octet and decuplet states with the lattice input parameters given in Table I . For the isospin multiplets we have computed separately the masses corresponding to each isospin components as well as their averaged value. These results (averaged values in case of isospin multiplets) are displayed in Figs. 5 and 6. The β = 3.9, L/a = 24 data are linked by dotted lines to guide the eye. An inspection of the plots indicates that the lattice artifacts, studied in detail in the next section, are small. Notice that the natural order of the Σ * and Ξ * states comes out to be correct for m π ≤ 300 MeV while for larger masses this order is inverted. 
B. Strange quark mass dependence
The dependence of the masses of baryons with strangeness on the bare strange quark mass has been investigated at β = 3.9 for aµ = 0.004. The results are given in Tables IX and X and displayed in Figs. 7 and 8. The vertical dotted line indicates the value of the tuned bare strange quark mass as given in Table II . The SU (3) symmetric point µ s = µ is given by the nucleon and ∆ mass for the octet and decuplet respectively. As can be seen in the SU (3) limit all the octet and decuplet masses converge to a single point up to cut-off effects and the fact that we only have N f = 2 simulations. For clarity we only show in Fig. 7 the mass of Λ, Σ Av and Ξ Av . They should be degenerate with the nucleon in the limit of µ s = µ. Indeed, if one computes the nucleon mass with the same statistics with that used for Σ Av and Ξ Av , one finds them to be degenerate within the errors as can be seen in Fig. 7 . The corresponding results for the decuplet-baryons are displayed in Fig. 8 . As can be seen, also in the case of the decuplet masses there is convergence to the ∆ mass as predicted in the exact SU (3) limit µ s = µ. The µ s dependence of the strange baryon masses provides an estimate of systematic errors due to the uncertainty in the tuning of the strange quark mass. As already explained, the kaon mass at the physical point is used to fix µ s . This gives aµ s = 0.0217 (22) . The ∼ 10% uncertainty leads to a corresponding error in the strange baryon masses that can be estimated by the variation of their masses in the vicinity of µ s . At µ = 0.004 we estimate an error that is comparable to the statistical error. In what follows we will analyze our results taking into account only statistical errors. This analysis shows that when the statistical error is given on the final results of strangeness non-zero baryon masses one must bear in mind that there is a systematic error of about the same magnitude due to the strange quark mass determination. Assuming a small SU(3) breaking, Okubo derived interesting relations among baryons masses. We examine in this section how well the Gell-Mann-Okubo (GMO) relations [34] are fulfilled for the baryons masses obtained on our lattices at different pion mass values. As we will discuss in detail in the next Section, volume and discretization effects are small, and therefore it suffices to analyze the β = 3.9 and L = 24 × 48 results. For this study we use the lattice spacing determined from f π to convert to physical units.
For the J P = 1/2 + octet the GMO relation can be written in the form:
The results are displayed in Fig. 9 where the left and right hand side terms of Eq. (16) For the J P = 3/2 + decuplet, the GMO relations predict equal mass difference among two consecutive (∆S = 1) isospin multiplets:
The results for the decuplet baryons are displayed in Fig. 9 . As can be seen, the equalities of Eq. (17) A third relation exists, that connects the J P = 1/2 + octet masses with the J P = 3/2 + decuplet masses, which reads as:
Experimentally, this relation is fulfilled at the 10% level yielding 276 MeV for the left hand side and 305 MeV for the right hand side of Eq. (18) . These values are again shown by the filled squares in Fig. 9 . The corresponding lattice results are shown in the same figure. One can see that, as in the octet case, the relation of Eq. (18) is satisfied within our statistical uncertainties at each pion mass. It also approaches the experimental results with decreasing pion mass. Fulfillment of the GMO relations is considered a success of SU (3) symmetry. Violations of these relations indicate that SU (3) breaking is not small. Therefore one would expect that these relations are better satisfied as we approach the SU (3) limit aµ = aµ s = 0.0217, up to discretization effects. This corresponds to about m 2 π ∼ 0.50 GeV 2 . For the decuplet mass relation given in Eq. (17) it is unclear if this would be indeed satisfied by the lattice data whereas the other two relations are fulfilled at all masses.
IV. SYSTEMATICS
In order to compare our lattice results collected in Tables V, VI, VII and VIII to the physical masses we need to check for finite volume effects, cut-off effects and the extrapolation to the physical light quark masses. The strange quark was fixed to the physical value using the kaon mass with the light quarks extrapolated to the physical point as explained in Section II.B. A check of the effect of this tuning on baryon masses has been discussed in Section III.B. In this section we discuss finite volume and cutoff-effects, in particular the isospin breaking.
A. Finite volume effects
Finite volume corrections to the nucleon mass in N f = 2 lattice QCD have been studied in Ref. [5] within the p expansion which assumes that finite size effects originate from pions that propagate around the spatial box. Using relativistic SU (2) baryon chiral perturbation theory [36] the finite volume corrections to the nucleon mass to O(p 4 ) are:
K ν (x) is the modified Bessel function and the sum is over all integer vectors n excluding n = 0. The parameters m 0 N and c 1 are determined by fitting first the nucleon mass to the same order [37, 38, 39] given by
We take the cut-off scale λ = 1 GeV, f π = 130.70 MeV and fix the dimension two low energy constants c 2 = 3.2 GeV −1 [40] and c 3 = −3.45 GeV −1 [38, 41] . These values are consistent with empirical nucleon-nucleon phase shifts [42, 43] . The counter-term E 1 is taken as an additional fit parameter. We then use these parameters to estimate the volume corrections to the nucleon mass. The results are listed in Table XI . As can be seen the corrections for our lattices are, in all cases except one, smaller than the statistical errors. In the analysis that follows we will use the volume corrected nucleon mass. Concerning the other baryons a recent analysis using SU(3) heavy baryon chiral perturbation theory has shown that the volume corrections are smaller than for the nucleon [44] . Given that the volume correction found for the nucleon are smaller than the statistical errors we can safely neglect any volume corrections for the other baryons computed in this work. This is also corroborated by our lattice results at aµ = 0.004 where simulations at two volumes are used.
B. Isospin breaking
The twisted mass action breaks isospin explicitly to O(a 2 ). How large this breaking is depends on the size of the O(a 2 ) terms. It was shown that this cut-off effect is particularly large for the neutral pion [15] but small for other quantities. Indeed we verified that isospin breaking between the ∆ ++,0 and ∆ +,− is consistent with zero for lattice spacings below about 0.1 fm [4] . We here address this issue for the octet and decuplet baryons. We show in Fig. 10 the mass differences for the Σ, Ξ, ∆, Σ * and Ξ * charge multiplets as a function of the pion mass at two values of β. As can be seen, we confirm that for the ∆ system isospin breaking is consistent with zero. This is also true for the Σ * and Ξ * as well as for the Σ at the smaller lattice spacing. In the case of the Ξ we observe a non-zero splitting that decreases with the lattice spacing. If one interpolates the results at the two β values to the same pion mass, as discussed in more detail in the next Section, and makes a linear extrapolation in a 2 one finds that this splitting goes to zero in the continuum limit as expected. Whereas this confirms that this splitting is a cut-off effect, to perform a proper analysis one would need results at an additional lattice spacing. For the current work we conclude that isospin splitting at these two lattice spacings is negligible for all baryons expect for the Ξ where an isospin breaking of about 6% is observed that vanishes at a rate proportional to a 2 . 
C. Continuum extrapolation
In order to assess cut-off effects we use results at β = 3.9 and β = 4.05. The lattice results, expressed in units of the Sommer scale r 0 , are interpolated to the same pion mass in units of r 0 at each β-value. We give the interpolated results at six values of m π r 0 in Tables XII and XIII. Interpolating linearly or with one-loop order chiral perturbation theory gives values consistent within error bars. Given the size of these cut-off effects a weighted average of the baryon masses between these two β values gives an estimate of the values in the continuum limit. It must be stressed that estimating the strange quark mass at β = 4.05 using Eq. (10) may cause residual cut-off effects on the few percentage level that are not taken into account with the continuum extrapolation as performed here. The results obtained from the weighted averaging of data at β = 3.9 and β = 4.05 are listed in Tables XII and XIII and are plotted in Figs. 11 and 12 . In the figures we also include results at β = 3.8. If cut-off effects are small for all β-values then results at β = 3.8 should fall onto the same line. As can be seen this is best fulfilled for the nucleon mass. Furthermore for the nucleon and the ∆ we also show results at a smaller value of the lattice spacing corresponding to β = 4.2. Essentially, the a 2 dependence of the nucleon and ∆ mass as computed at β = 3.9, 4.05 and 4.2 is consistent with a constant behaviour, verifying that for lattice spacings below 0.1 fm cut-off effects are indeed small. For the Λ mass results at β = 3.8, 3.9 and β = 4.05 are consistent with a constant. This holds approximately also for the other baryons. Within the statistical errors one therefore concludes that for lattice spacings below 0.1 fm cut-off effects are under control. (17) continuum limit 0.60 2.577 (20) 2.929(15) 3.077(18) 3.173(28) 3.095(21) 3.011(18) 3.328(13) 3.413(18) 3.275(12) 0.70 2.676(21) 3.003(15) 3.179(17) 3.258(28) 3.198(17) 3.101(20) 3.383(13) 3.477(18) 3.316(13) 0.80 2.766(25) 3.080(20) 3.207(22) 3.297(32) 3.215(23) 3.138(24) 3.415(16) 3.506(22) 3.353(16) 0.90 2.878(20) 3.149(18) 3.267(19) 3.359(29) 3.275(20) 3.193(20) 3.456(16) 3.552(21) 3.387(15) 0.10 2.988(24) 3.217(21) 3.342(21) 3.436(26) 3.363(20) 3.280(19) 3.484(18) 3.573(23) 3.418(17) 1.10 3.116(15) 3.295(14) 3.387(15) 3.452(20) 3.392(15) 3.340(15) 3.514(13) 3.580(17) 3.465(12) 
D. Fixing the lattice spacing
In order to convert to physical units we need to fix the lattice spacing. The values of the lattice spacing given in Table I were extracted using the pion decay constant. Equivalently one can determine the value of r 0 by extrapolating the results to the physical point. The value obtained is r 0 = 0.439(25) fm determined in the light meson sector [45] where the systematic error is added to the statistical one. Knowing r 0 and the ratio r 0 /a one can determine the The nucleon mass can be used to set the scale and this determination seems natural if one is interested in the study of the baryon spectrum. Our data at β = 3.9 and β = 4.05 do not show significant lattice spacing effects. Therefore we can make a combined fit using continuum chiral perturbation theory results to determine the r N 0 . Chiral corrections to the nucleon mass are known to O(p 4 ) within several expansion schemes. We use the same schemes used in Ref. [4, 46] . The fits are shown in Fig. 13 . Using the O(p 3 ) result, which is well established, to extrapolate to the physical pion mass we obtain r N 0 = 0.465(6) fm. If we instead use the data at β = 3.9 and β = 4.05 to perform the continuum limit as discussed in the previous subsection and then fit, we find r N 0 = 0.471 ± 0.006(stat.) ± 0.015(syst.) fm. The systematic error is due to the interpolation to a fixed value of m π r 0 and it is obtained by comparing the value of r 0 obtained when linear interpolation is used to the one obtained using O(p 3 ). Furthermore, we take the difference in the value of r 0 obtained using continuous results and the value found by fitting the lattice data at β = 3.9 and β = 4.05 to be the systematic error due to cut-off effects. We therefore take r N 0 = 0.465(6)(14) fm, which is in agreement with r 0 extracted from the value of the pion decay constant, f π , when converting our results at β = 3.9 and β = 4.05 in units of r 0 . Using the value of r 0 /a = 5.22 (2) and r 0 /a = 6.61(3) at β = 3.9 and β = 4.05 we find the for the lattice spacings a β=3.9 = 0.089(4) fm and a β=4.05 = 0.070(3) fm. These values for the lattice spacing extracted using the nucleon mass at the physical point are in agreement with those determined from the pion decay constant. This constitutes a nice consistency check of our lattice formulation. In what follows we will use the lattice spacing extracted from the nucleon mass using O(p 3 ) heavy baryon chiral perturbation theory to convert the rest of the masses into physical units.
V. CHIRAL EXTRAPOLATION
Given that the cut-off effects are almost negligible in our simulations, we apply continuum chiral perturbation theory to extrapolate lattice results at β = 3.9 and β = 4.05 to the physical pion mass. In particular, we will use SU(2) chiral perturbation theory(χPT) [47] for two reasons: The first being that our simulations are done for two mass-degenerate dynamical quarks and the second because it was shown that SU(3) χPT fails to describe lattice data [44] . We would like to stress however that the issue of the applicability of SU (3) χPT is not entirely settled and e.g. SU(3) fits to lattice results using staggered fermions were claimed to be produce reasonable fits [48, 49] .
The leading order SU (2) heavy baryon chiral perturbation (HBχPT) results are given by
with two fit-parameters, the baryon mass in the chiral limit m
X and c
X , the latter of which gives the leading contribution to the σ X -term.
The leading one-loop results for the nucleon and the ∆ in HBχPT were first derived in Ref. [50] and successful fits to lattice data on the nucleon and ∆ were discussed in our previous study [4] . A natural generalization of the O(p 3 ) results for the nucleon and ∆ to the rest of the octet and decuplet baryons [51, 52] is given by
for the octet baryons and
for the decuplet baryons.
In addition we consider a cubic term of the following form
X as an additional fit parameter. The next to leading order SU(2) χPT results [47] for the octet are given by
and for the decuplet baryons:
with the non analytic function [53] 
depending on the threshold parameter ∆ XY = m
X and on the scale λ of chiral perturbation theory, fixed to λ = 1 GeV. For ∆ > 0 the real part of the function F (m, ∆, λ) has the property
which corrects a typo in the sign of the second term in Ref. [8] . In our fits, the nucleon axial charge g A and pion decay constant f π are fixed to their experimental values (we use the convention such that f π = 130.70 MeV). The remaining pion-baryon axial coupling constants are taken from SU(3) relations [47] :
Octet :
As can be seen, in the octet case, and once g A is fixed, the axial coupling constants depend on the single parameter written as α = D D+F . Its value is poorly known. It can be taken either from the quark model (α = 3/5), from the phenomenology of semi-leptonic decays or from hyperon-nucleon scattering. We take 2D = 1.47 or α = 0.58 as given in Ref. [47] . The decuplet coupling constants depend on a single parameter for which we again take the value H = 2.2 from Ref. [47] . This value is not far from that predicted by SU(6) symmetry, H = 9 5 g A = 2.29 used in our previous work [4] resulting in the same cubic term for the nucleon and ∆. For fixing the octet-decuplet transition couplings we take the value C = 1.48 from Ref. [53] .
With the coupling constants fixed in this way, the LO, the one-loop as well as the NLO fits are left with the two independent fit parameters m A noticeable result of this expansion is the absence of a cubic term in the expression for the Λ and Ω masses given in Eqs. (26) and (27) . In the case of Ω, it follows from the absence of light valence quarks. However the absence of a cubic term in the NLO expression of Λ, although a consequence of χP T , is nevertheless a questionable result, since it relies on the assumption that m π ≪ M Σ − M Λ . In the limit ∆ → 0 the non analytic function (28) becomes
which generates a cubic term for the Λ and slightly modifies the one for Σ. The corresponding expressions are given by
in agreement with the results of Eq. (23). The expressions for the strange baryon masses to NNLO in χPT given in Ref. [47] involve in general more unknown low energy constants and only if we perform a constrained fit we have enough data to extract them. We found however no real advantage in using constrained fits, which generally gave larger χ/d.o.f. and did not improve the prediction of the mass at the physical point as compared to the unconstrained fits. For the nucleon, ∆ and Ω masses, unconstrained fits can still be performed with four fit parameters [8] , namely m (0) , c (1) , α and β appearing in the expressions of NNLO χPT given below.
(1) (1)
where and the real part of J satisfies
Using the above Ansätze the chiral extrapolations of lattice results at β = 3.9 and β = 4.05 given in Tables V-VII are performed. In Fig. 14 we show the fits for the nucleon in units of r 0 . The nucleon mass at the physical point has been expressed in units of r 0 using the value determined from nucleon mass as well as from the pion decay constant. As can be seen these values are consistent. The O(p 3 ) being the one used to determine the scale passes through the physical point. The other curves show the dependence on the chiral Ansatz used. It comes as no surprise that the N LO result does badly for the nucleon underestimating the mass at the physical point whereas the N N LO fits overcorrect and yield a higher mass. Lattice results at β = 3.9 and 4.05 expressed in units of r 0 fall on a universal curve confirming that finite cut-off effects are small. Therefore we corroborate the conclusion that we can use continuum chiral perturbation theory to extrapolate lattice results at β = 3.9 and β = 4.05. For the chiral extrapolation of the other baryons we use the scale determined from the nucleon mass to convert to physical units.
We show in Figs. 16, 18 , 20 the chiral extrapolations for the octet baryon masses and in Figs. 15, 17, 19, 21 the corresponding fits for the decuplet baryons given in physical units. We emphasize that the physical point is not included in these fits.
The LO expression describes well the lattice results but leads to extrapolated values inconsistent with the experimental point. The O(p 3 ) HBχP T expansion given in Eqs. (23) and (24) with two fit parameters m (0) and c (1) provides a good description of lattice data and the results extrapolated to the physical point are in general in agreement with experiments. The NLO leads to a clear improvement in the case of the Λ and Ξ masses, whereas for the rest of the baryons the improvement is marginal. Apart from the preceding remarks, there is no clear advantage in using higher order fits, especially NNLO, which even turns out to be numerically unstable for the case of the ∆ and Ω masses. Therefore our main conclusion is that the O(p 3 ) HBχPT provides a reasonable description for the nucleon and ∆ masses whereas NLO SU (2) for the the strange baryon masses, yielding values at the physical point that are in agreement with experiment. (25) and NLO. We used the scale from the nucleon mass to convert to physical units. We use the relation m . Using our O(p 3 ) fit we find σ N = 64.2(9) MeV in agreement with the value given in Ref. [4] . Generalizing the relation we can evaluate the corresponding σ-terms for the other hadrons. We list in Table XIV the values we obtain using the nucleon mass to set the scale. As can be seen, the value extracted depends on the fitting Ansatz. In the most interesting case of the nucleon the result of O(p
VI. COMPARISON WITH OTHER LATTICE RESULTS AND WITH EXPERIMENT
In this section we show a comparison of recent lattice results on the baryon masses from various collaborations in Figs. 22 and 23 . For our results we use the lattice spacing determined from the nucleon mass to convert physical units. Results from the other collaborations are converted to physical units using the lattice spacing that they provide. The level of agreement of lattice QCD results using a variety of fermion discretization schemes before taking the continuum limit or other lattice artifacts into account is quite impressive. Small discrepancies seen mainly in the decuplet masses can be attributed to lattice artifacts. In particular results using asqtad improved staggered fermions may suffer the most from discretization errors. The MILC collaboration has simulations on finer lattices and an update on the masses is expected in the the near future. We note that results very close to the physical point obtained using Clover fermions from the PACS-CS collaboration [6] may have large finite volume effects due to the fact that m π L < 3.5 in this simulation.
Finally we show our continuum results in Fig. 24 . We take the continuum limit using results at β = 3.9 and β = 4.05 after interpolating at a given value of r 0 m π . The continuum values used are collected in Table XIII and VIX for the octet and decuplet respectively. Residual cut-off effects that may result from using Eq. (10) to estimate µ s at β = 4.05 are not included in the systematic errors. For the nucleon and the ∆ we use O(p 3 ) to extrapolate to the physical point as done in our previous work [4] . For the strangeness non-zero baryons we use NLO SU (2) HBχPT to extrapolate to the physical point. In the statistical error we have added the error arising from the uncertainty in r 
FIG. 24:
The octet and decuplet spectrum. Data are shown in the continuum and at the physical point. For the nucleon and ∆ using O(p 3 ) and for the rest using NLO SU(2) HBχPT for the chiral extrapolation.
VII. SUMMARY AND CONCLUSIONS
The focus of this work is the computation of the low-lying baryon masses using twisted mass fermions at maximal twist. It is in line with ongoing efforts by other lattice collaborations worldwide to predict the baryon spectrum from first principles. Comparison of lattice results with experiment is regarded as an important benchmark for lattice QCD and justifies the use of different lattice actions, each with different systematic errors. For example, the twisted mass action with only one parameter to tune, provides automatic O(a) improvement. However it restores isospin symmetry only in the continuum limit. We have examined the consequences of isospin breaking on the baryon masses and found them to be either small or compatible with zero. On our finer lattice at β = 4.05 the maximal isospin violation is obtained in the octet only in the case of the Cascade where we find that m Ξ 0 − m Ξ − ∼ 50 MeV. Finite volume corrections are estimated in the case of the nucleon and found to be smaller than statistical errors. The continuum extrapolation using results at β = 3.9 and β = 4.05 are verified using a finer lattice at β = 4.2 in the case of the nucleon supporting the analysis carried out. Therefore this study shows that both cut-off effects and finite volume corrections are small and continuum results can be extracted using lattice data at β = 3.9 and 4.05.
An investigation of the Gell-Mann-Okubo relations has been carried out. For the octet baryon masses we find that these relations are satisfied at all pion masses even at a non-vanishing lattice spacing. For the decuplet baryon masses we see deviations and it will be interesting to study these relations at finer values of the lattice spacing and smaller quark masses.
Comparison of the results at given lattice spacings with those of other collaborations reveals consistency among groups using improved actions with lattice spacing being smaller than 0.1 fm. This is a non-trivial consistency check of the several lattice formulations directly on lattice data without without the necessity of any extrapolations. This level of agreement among different lattice actions, is a welcome outcome of the collective effort of several collaborations. The final continuum results at the physical limit shown in Fig. 24 are in excellent agreement with experiment. The largest uncertainty in the final value comes from systematic errors in setting the scale, which are an order of magnitude larger than statistical errors.
Besides the masses we have extracted from the various fits the σ-term. To O(p 3 ) χPT we find a value of 64(1) MeV for the nucleon σ-term. Allowing the coefficient of the cubic term in m π to be determined from the data yields a smaller value of 39(12) MeV albeit with a large statistical error. Fitting with the latter Ansatz produces for all baryons expect the Ω a value of the σ-term compatible with that of the nucleon. Clearly this is a result that requires further study. In particular results at smaller pion masses will help to better determine the curvature of fits.
The next step for the ETM collaboration is to perform the analysis using a dynamical strange quark. Within the twisted mass formalism this is accomplished by simulating a non-degenerate doublet. Such N F = 2 + 1 + 1 simulations are already available at two values of the lattice spacing [54] comparable to the ones studied in this work. This future study will provide a nice comparison to the present work and enable us to gauge unquenching effects in the strange quark sector.
